Podoplanin is reported involved in the collective cell invasion, another tumor invasion style which is distinct from the single cell invasion, so-called epithelial-mesenchymal transition (EMT). In this study, we investigated the correlation between podoplanin and EMT-related markers in esophageal squamous cell carcinoma (ESCC), and evaluated its linkage with the basic helix-loop-helix (bHLH) transcription factor differentiated embryonic chondrocyte (DEC) 1 and DEC2. Three ESCC cell lines and human squamous cell carcinoma A431 cells were subjected to western blot analyses for podoplanin and EMT markers, as well as the expression of DEC1 and DEC2. By RT-qPCR and western blotting, we found that TGF-β increased the expression of podoplanin and mensenchymal markers (e.g., N-cadherin and vimentin), while decreased the expression of epithelial markers (e.g., Claudin-4 and E-cadherin), accompanied by Smad2 phosphorylation and slug activation. Moreover, TGF-β has different effects on the expression of DEC1 and DEC2, that is, it upregulates DEC1, but downregulates DEC2. Capability of cell proliferation, invasion and migration were further analyzed using CCK-8 assay, Matrigel-invasion assay, and the wound-healing assay, respectively. The proliferation, invasion and migration ability were significantly lost in podoplanin-knockdown cells when compared with the scrambled siRNA group. In addition to these changes, the expression of Claudin-4, but not that of Claudin-1 or E-cadherin, was induced by the siRNA against podoplanin. On the contrary, overexpression of DEC1 and DEC2 exhibits opposite effects on podoplanin, but only slight effect on Claudin-4 was detected. These data indicated that podoplanin is significantly associated with EMT of TE-11 cells, and may be directly or indirectly regulated by bHLH transcription factors DEC1 and DEC2.
Introduction
Podoplanin belongs to the family of type-I transmembrane sialomucin-like glycoproteins and possesses platelet-aggregating activity and metastasis-promoting ability (1, 2) . Due to its selective expression by lymphatic endothelial cells, it is widely used as a specific marker for lymphangiogenesis in many species (3) . Podoplanin is also expressed by normal kidney podocytes (4), alveolar type I cells (5) , basal epidermal keratinocytes (6) , and mesothelial cells (7, 8) . Moreover, various tumor types highly express podoplanin, such as squamous cell carcinomas, brain tumors, mesotheliomas, germ cell tumors and some subtypes of vascular tumors (9) (10) (11) (12) (13) (14) (15) .
Cancer cells undergo migration and invasion mainly dependent on the single cell-migration or the collective cellmigration (16) . Generally, the invasion of single cell or small groups of cells is often correlated with dramatic changes in the expression and function of adhesive (e.g., cadherins, immunoglobulin domain-containing cell adhesion molecules) and regulatory proteins (e.g., Snail family members, transforming growth factor-β) (17) . These changes are reminiscent of early developmental processes, in particular during neurulation and gastrulation, when cells acquire a migratory, mesenchymal phenotype. During this so-called epithelialmesenchymal transition (EMT) cells lose epithelial markers, such as E-cadherin and Claudins, and gain the expression of mesenchymal markers, such as N-cadherin and vimentin. EMT is thought to be particularly important in cancers with (17, 18) . In contrast, the migration of cell strands, cell sheets or clusters, named as collective cell-migration, is also present when epithelial tumors invade to neighboring tissue or migrate to distant organs (16) . Human differentiated embryonic chondrocyte (DEC) 1 (BHLHE40/Stra13/Sharp2) and DEC2 (BHLHE41/Stra13/ Sharp1) are basic helix-loop-helix (bHLH) transcriptional factors that are involved in the regulation of cell differentiation, apoptosis, circadian rhythms, hypoxia responses, EMT and carcinogenesis. Our previous report showed that TGF-β upregulated the expression of DEC1 in the pancreatic adenocarcinoma cell line PANC-1 and described its close correlation with EMT phenomena (19) .
Podoplanin-mediated TGF-β-induced epithelialmesenchymal transition and its correlation with bHLH transcription factor DEC in TE-11 cells
Esophageal carcinoma is one of the most frequent cancers in the world. Squamous cell carcinoma and adenocarcinoma are the two common types among all the cases. Adenocarcinoma usually occurs in the lower esophagus or gastroesophageal junction, which is called Barrett's adenocarcinoma. In contrast, most squamous cell carcinomas locate in the middle or upper one-third of the esophagus (20) . High expression level of podoplanin was reported to correlate with the poor prognosis of ESCC patients (21) . However, the effects of podoplanin expression on EMT in ESCC have not been clarified. In this study, we focused on the role of podoplanin in TGF-β-induced EMT and its relation with DEC1 and DEC2 in TE-11 cells.
Materials and methods
Cell culture and treatment. Human esophagus carcinoma cell TE series (TE-10, TE-11 and TE-5) and human squamous cell carcinoma cell line A431 were purchased from the Riken BRC through the National Bio-Resource Project of the MEXT, Japan. The three cell lines of TE series were from well differentiated to poorly differentiated. The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . A431 cells were cultured in DMEM medium supplemented with 10% fetal bovine serum. In some experiments, the cells were incubated with recombinant human TGF-β (R&D Systems, Minneapolis, MN, USA) or SB431542 (R&D Systems, Tocris Bioscience, UK) at various concentrations for 90 min.
Knockdown of podoplanin by RNA interference. Short interference RNA (siRNA) against podoplanin was purchased from Santa Cruz Biotechnology Inc. (TX, USA). For the siRNA transfection experiments, the cells were seeded at 5x10 4 cells Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Four independent RNA samples (n=4) from TE-11 and A431 cells were prepared for RT-qPCR. Total RNA was isolated using an RNeasy RNA isolation kit (Qiagen, Hilden, Germany). First-strand cDNA was synthesized from 1 µg of total RNA using ReverTra Ace (Toyobo, Osaka, Japan). Quantitative PCR was carried out using Taq PCR Master Mix (Qiagen). The sequences, product sizes as well as cycling conditions of the primer sets are shown in Table I .
Western blotting. Cells treated with TGF-β (final concentration: 5.0 ng/ml) or transfected with siRNA were harvested and protein were extracted using M-PER lysis buffer (Thermo Scientific, Rockford, IL, USA). The protein concentrations were determined using the bicinchoninic acid (BCA method) assay. The obtained lysates (5 µg protein) were subjected to SDS-PAGE, and the separated proteins were transferred to PVDF membranes (Immobilon P, Millipore, Billerica, MA, USA), followed by immunoblotting utilizing the indicated antibodies. Signals were detected using Bio-Rad western blotting systems (Bio-Rad, Hercules, CA, USA) with the ECL-prime or ECL-select western blotting detection systems (GE Healthcare, Wauwatosa, WI, USA).
Immunocytochemical staining. TE-11 and A431 cells were seeded in a 4-well chamber slide glass and cultured with TGF-β at 5.0 ng/ml for 24 h. Cells were fixed with 4% paraformaldehyde in PBS for 30 min, followed by permeabilization with 0.2% Triton X-100 in PBS for 20 min. Normal horse serum (5%) was continued for 30 min to minimize the non-specific adsorption of antibodies. Subsequently, cells were incubated with antibody against podoplanin or E-cadherin at 4˚C overnight. The cells were then incubated for 1 h with horseradish peroxidase-conjugated secondary antibody (Immuno-Biological Laboratories, Fujioka, Japan). Immunoreactivity was detected with a ready-to-us DAB+ substrate-chromogen solution (1-3 min) (Dako EnVision System; Dako Cytomation, Kyoto, Japan). Finally, the slides were counterstained with Mayer's hematoxylin for nuclear staining.
Cell proliferation assay. TE-11 cells seeded in the 96-well plate were transfected with siRNA against podoplanin, followed by TGF-β for an additional 24 h. Cells transfected with scrambled siRNA were used as control. Cell proliferation rate was determined using Cell Counting Kit-8 assay (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer's instructions.
Invasion assay and wound-healing assay. The invasion assay was performed using a BD BioCoat Matrigel invasion chamber kit (Becton-Dickinson, Franklin Lakes, NJ, USA). TE-11 cells were separated using cell dissociation solution (Sigma) and 5x10 4 cells/600 µl were added to the top chamber of a cell culture insert in a 24-well companion plate. After 48-h incubation, the cells that had invaded the lower surface of the membrane were fixed with methanol and subjected to Giemsa staining. The number of the migrated cells was quantified by counting them in ten random distinct fields using a light microscope.
For wound-healing assay, TE-11 cells were seeded in a 4-well chamber slide glass, and an artificial 'wound' was carefully created by scratching the confluent cell monolayer with Figure 1 . Endogenous expression of podoplanin as well as EMT-related markers in four of the SCC cell lines. Human esophageal squamous cell carcinoma TE-10, TE-11 and TE-5 cells were cultured to form a monolayer. A431 cells were used as a control. These cells were then lysed and the lysates were subjected to western blot analyses for podoplanin, EGFR, vimentin, N-cadherin, E-cadherin, Claudin-4, and actin (A). The same samples were used to examine DEC1 and DEC2 (B), thus the same internal control was used (B). One representative of three independent experiments with similar results is shown.
the tip of a P-200 pipette. Medium with the scratched out cells were changed and then the scrambled siRNA and podoplanin siRNA were transfected into the cells. Microphotographs were taken after 0, 24 and 48 h.
Results

Endogenous expression of podoplanin and EMT-related markers in ESCC cells.
We investigated the level of podoplanin, EGFR, vimentin, N-cadherin, E-cadherin, Claudin-4 ( Fig. 1A) as well as DEC1 and DEC2 (Fig. 1B) in four cell lines A431, TE-10, TE-11 and TE-5. Podoplanin showed an extremely strong expression in TE-11 cells but weak expression in A431 and TE-5 cells. While little or no expression of this protein was observed in the well differentiated ESCC TE-10 cells. A431 cells are generally used as a positive control for EGFR, we found that TE-11 cells exhibited a relatively large amount of EGFR. When referred to the mesenchymal markers, all of the four cell lines showed negative or weak expression of vimentin and N-cadherin. In contrast, they exhibited weak or strong expression of epithelial markers such as E-cadherin and Claudin-4. Interestingly, the level of E-cadherin and Claudin-4 was comparatively lower in TE-11 cells which had strong expression of podoplanin. A weak endogenous expression of both DEC1 and DEC2 was observed in all of the four cell lines.
Gene and protein expression changes when treated with TGF-β.
To analyze the roles of podoplanin in epithelialmesenchymal transition (EMT), TE-11 cell line with positive Figure 2 . The mRNA expression of podoplanin and EMT-related markers was regulated by TGF-β. TE-11 cells and A431 cells were treated with TGF-β at 5.0 ng/ml for 24 h. The control cells were treated with TGF-β-diluted buffer. Total RNA was prepared and subjected to RT-qPCR for TGF-βRI, TGF-βRII, slug, podoplanin, vimentin, N-cadherin, E-cadherin, Claudin-4, DEC1, DEC2 and 18s rRNA. The data of podoplanin and 18s rRNA used in (A) was shown again in (B) as necessary. Two representative of at least four independent experiments with similar results are shown.
expression of podoplanin was selected in our study, and A431 cell line was used as control. Firstly, the two cell lines were cultured in the medium containing TGF-β, one of the wellknown EMT inducers, at a final concentration of 5.0 ng/ ml for 24 h. RT-qPCR and western blot analysis were used to investigate gene variation by TGF-β treatment. Both TGF-βRII and TGF-βRI were induced as expectably by its ligand. Transcriptional factor slug was involved in this process, however, snail was not activated by TGF-β in the two cell lines (data not shown). Podoplanin was sharply induced by TGF-β. Although a small amount of vimentin and N-cadherin was detected in TE-11 and A431 cells, they were upregulated by TGF-β in both the transcriptional and the translational levels. In contrast with this, the epithelial markers Claudin-4 and E-cadherin were downregulated ( Fig. 2A) . On the other hand, TGF-β caused the phosphorylation of Smad2 (Fig. 3A) , but not that of Smad3 (data not shown). Consistent with the mRNA expression, the protein levels of slug, podoplanin, and mesenchymal markers were increased. However, the epithelial marker Claudin-4 was decreased, but E-cadherin protein showed a small decrease when treated with TGF-β. Immunocytochemically, TGF-β augmented the membrane or cytoplasmic expression of podoplanin, as well as decreased the expression of E-cadherin in cell-cell junction (Fig. 4) . We also investigated the expression of DEC, TGF-β exerted inverse effects on DEC1 and DEC2. Moreover, podoplanin showed a similar expression pattern with DEC1, but an opposite pattern with DEC2, with TGF-β treatment (Figs. 2B and 3B ).
Upregulation of podoplanin by TGF-β is TGF-βRI/ II-dependent.
To investigate the mechanisms by which TGF-β affected the expression of podoplanin, TE-11 cells were pre-treated with a selective inhibitor of TGF-β receptor I/II, SB431542 (1 and 10 µM) for 90 min, followed by culture with or without TGF-β for 24 h. TGF-β-induced phosphorylation of Smad2 was gradually inhibited by SB431542 in a dosedependent manner. The expression of slug, podoplanin and N-cadherin showed a similar pattern with that of pSmad2. However, Claudin-4 and E-cadherin were upregulated when TGF-β receptor was blocked (Fig. 5) .
Podoplanin knockdown inhibited the cell proliferation of TE-11 cells.
To further clarify the roles of podoplanin in EMT, small interference RNA was used to knock down the expression of podoplanin. TE-11 cells cultured in 96-well plate were transfected with podoplanin siRNA for 24 h, followed by TGF-β treatment for another 24 h. Cell Counting Kit-8 was applied for analyzing the cell proliferation rate. As Fig. 6A shows, podoplanin siRNA inhibited cell proliferation of TE-11 cells in the presence and absence of TGF-β. Moreover, decreased podoplanin correlated with an increased expression of Claudin-4 regardless of TGF-β. However, unstable alterations of E-cadherin was observed between the scrambled siRNA group and podoplanin siRNA group (Fig. 6B) .
Podoplanin was closely involved in the invasion and migration in TE-11 cells. The capacity of invasion and migration is the most important indicator of cancer cells entering EMT.
Then we carried out an invasion assay in TE-11 cells which transiently transfected with siRNA against podoplanin. TE-11 cells transfected with scrambled siRNA showed weaker invasive ability, with the aid of TGF-β, the power of invasion was significantly strengthened. However, podoplanin knockdown strikingly inhibited the invasive ability of TE-11 cells (Fig. 7) . In order to evaluate the ability of migration, wound-healing assay was introduced in podoplanin siRNA-transfected cells. Remaining wound length was measured after 0, 24 and 48 h of podoplanin siRNA transfection, and a significant difference between the control siRNA-transfected group and the podoplanin siRNA-transfected group was attained (Fig. 8) .
Morphologically, a small amount of the TE-11 cells in the Figure 3 . The protein expression of podoplanin and EMT-related markers was regulated by TGF-β. TE-11 cells were treated as those indicated in Fig. 2 . These cells were then lysed and the lysates were subjected to western blot analyses of pSmad2, Smad2/3, slug, podoplanin, vimentin, N-cadherin, E-cadherin, Claudin-4, DEC1, DEC2 and actin. Two representative of at least four independent experiments with similar results are shown. middle of the chamber was dead in the podoplanin-siRNA transfected group, especially at the 24-h time-point.
Overexpression of DEC1 and DEC2 has distinct effects on podoplanin. To determine whether DEC1 or DEC2 directly regulated podoplanin, the expression vector of DEC1 or DEC2 was transfected into TE-11 cells. Podoplanin was induced by DEC1 overexpression, but reduced by DEC2 overexpression. Furthermore, a weak but inhibitory effect on Claudin-4 was observed in DEC1-overexpressed TE-11 cells, whereas a slightly but inducible effect on Claudin-4 in DEC2-overexpressed TE-11 cells (Fig. 9) . 
Discussion
We focused on the function of podoplanin in EMT of ESCC cells. Three cell lines among the human ESCC cell series, TE-10, TE-11 and TE-5, from well to poorly differentiated, were randomly chosen in our study, while A431 cells were used as control. It was found that the expression of podoplanin is independent of tumor differentiation, in which TE-11, a moderately differentiated cell line, possessed the highest level of podoplanin among the four cell lines. A reverse expression pattern of podoplanin and the epithelial markers such as E-cadherin and Claudin-4 was observed. In addition, the absence or weakly positive of vimentin and N-cadherin, two of the well-known mesenchymal markers was recorded in all of the four cell lines.
Upregulated podoplanin expression in squamous cell carcinoma tissues has been confirmed in previous reports (6, 9, 12, 15) . Although its expression was discussed in cancer cells, increasing interest has been attracted to its function in the cancer-associated fibroblasts (CAFs) which are located in the stroma surrounding various cancerous cells. Kawase et al suggested that stromal expression of podoplanin predicted a poor prognosis in lung carcinoma (23) , while others showed an association between podoplanin expression and a better prognosis in patients with uterine cervical carcinomas and colorectal carcinomas (24, 25) . Functions of podoplaninpositive CAFs may rely on the type of tumor cells and the tissue from which the CAFs originate.
A variety of signaling agents and cytokines such as basic fibroblast growth factor, tumor necrosis factor α, TGF-β, IL-6, IL-22, or IFN-γ can induce podoplanin expression and cell motility (15,26-29) . TGF-β is reported as a physiological regulator of podoplanin as well as stimulating the platelet- Figure 5 . Upregulation of podoplanin by TGF-β is TGF-βRI/II-dependent. TE-11 cells were treated with the selectively inhibitor of TGF-β receptor SB431542 (1 or 10 µM) for 90 min before treated with or without TGF-β (5.0 ng/ml) for 24 h, and the lysates were subjected to western blot analyses of pSmad2, Smad2/3, slug, podoplanin, N-cadherin, E-cadherin, Claudin-4, and actin. One representative of at least three independent experiments with similar results is shown. 
t-test). (B)
Podoplanin knockdown upregulated the expression of Claudin-4. TE-11 cells were treated as described above, and cell lysates were prepared and subjected to western blot analyses for the expression of podoplanin, Claudin-4, E-cadherin, and actin. One representative of at least three independent experiments with similar results is shown.
aggregating ability of human fibrosarcoma HT1080 cells (30) . To our limit knowledge, this is the first report on TGF-β and podoplanin, involving their correlations with transcriptional factors DEC1 and DEC2 in TE-11 cells. As an EMT inducer, TGF-β induce pathological signaling in differentiated epithelial cells and lead to fundamental changes in cellular phenotype. These changes occurred in epithelial cells were accompanied by molecular re-organization such as loss of E-cadherin and gain of N-cadherin. This so-called cadherin switch is generally recognized as a rate-limiting step in the transition from adenoma to carcinoma (31, 32) .
In this study, we found an inverse expression pattern of podoplanin and E-cadherin, and the opposite effects by TGF-β treatment were observed in TE-11 cells. However, we failed to find a direct influence of podoplanin on E-cadherin. Unlike E-cadherin, the expression of Claudin-4 was upregulated when suppressing podoplanin in TE-11 cells. It is not surprising since podoplanin increased cell migration of MCF-7 cells and HaCaT keratinocytes in the presence of E-cadherin expression (15, 29) . In addition, invasion of podoplanin-expressing cells appeared to rely on the activity of matrix metalloproteases (MMPs), as it was repressed by Figure 9 . Overexpression of (A) DEC1 and (B) DEC2 has different effects on podoplanin. TE-11 cells were transfected with the expression vector of DEC1 or DEC2 for 18 h, and cell lysates were prepared and subjected to western blot analyses for the expression of DEC1, DEC2, podoplanin, Claudin-4, and actin. One representative of at least three independent experiments with similar results is shown.
TIMP2, an inhibitor of MMP. These data support the viewpoint that podoplanin expression in human cancers promotes migration and invasion of cancer cells without turning on the cadherin switch, whereas, it has been reported that MDCK cells demonstrated the expression of podoplanin leads to increased single cell migration after loss of E-cadherin expression (33) . Therefore, podoplanin may induce cell invasion in both collective and single cell migration. Detailed mechanisms should be further investigated on the governors which decide the function of podoplanin to single cellmigration or collective cell-migration.
Regarding the involvement of podoplanin in cell movement, migration, and invasion, Martin-Villar et al showed the podoplanin interaction with ezrin in its cytoplasmic tail and with CD44 in its extracellular domain, which promote EMT and directional cell migration (33) . In contrast, Wicki et al reported that podoplanin-induced collective cell migration and invasion by filopodia formation via the downregulation of the activities of RhoA GTPase, even in the absence of EMT (15) . This study exhibited a negative correlation between podoplanin and Claudin-4, a molecule widely expressed at the tight junctions, affecting many cellular functions such as migration and adhesion, and its downregulation are linked to more invasive cancers. Since the cytoplasmic tail of podoplanin is extremely short, we predicted the function might mediate through ERM protein. However, further evidence is required to clarify this.
The roles of DEC1 and DEC2 on podoplanin need further clarification. DEC1 was reported to participate in TGF-β-induced EMT of PANC-1 cells in our previous study (19) . In this study, we found DEC1 overexpression upregulated podoplanin but decreased Claudin-4 in TE-11 cells. It cannot be excluded that podoplanin might be a downstream factor of DEC1 in TGF-β signaling pathway for EMT. It seems that downregulation of podoplanin by DEC2 highlights another possibility that DEC2 might play a role in lymphogenesis. DEC2 has been confirmed to negatively regulate angiogenesis by inhibiting the expression of VEGF (34) . Additionally, as a marker of lymphatic vessels, the function of podoplanin in lymphogenesis cannot be ignored. It is possible that DEC2 may inhibit lymphogenesis through regulating podoplanin. In conclusion, podoplanin may be a key factor as shown by its roles in EMT and lymphangiogenesis, and DEC2 as a new inhibitor of podoplanin was found in our study. The detailed mechanisms by which DEC2 regulate podoplanin should be further investigated.
